Abstract The aim of this study was to investigate the relation between birth weight and calcaneal bone stiffness in a large sample of Belgian, healthy, preadolescent children. Participants were 827 children (3.6-11.2 years, 51.6 % boys) from the Belgian cohort of the IDEFICS study. Birth weight was obtained using a parental questionnaire, and quantitative ultrasound (QUS) measurements were performed to determine calcaneal broadband ultrasound attenuation (BUA), speed of sound (SOS), and stiffness index (SI) using the Lunar Achilles device. Average birth weights were 3435.7 ± 512.0 g for boys and 3256.9 ± 471.1 g for girls. Average calcaneal QUS measurements were 89.6 ± 24.0 (23.3-153.9) dB/MHz for BUA, 1621.4 ± 49.6 (1516.3-1776.5) m/s for SOS, and 92.8 ± 15.6 (49.0-163.0) for SI. Birth weight was positively associated with BUA (r = 0.13, p = 0.002) and SOS (r = -0.16, p \ 0.001). The associations remained after correcting for age and sex in multiple regression analyses but disappeared after correcting for anthropometric covariates. Our findings suggest that birth weight, as a rough proxy indicator for genetic and environmental influences during intrauterine life, is associated with BUA and SOS in preadolescent children and may therefore influence the risk of osteoporosis later in life. Further studies using QUS are needed to investigate the consistency of the results of this study.
Osteoporosis is one of the most widespread, costly, and debilitating diseases in Europe [1, 2] . The World Health Organization (WHO) defined osteoporosis as a progressive, systemic skeletal disease that is characterized by low bone mass and microarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and in fracture risk [3] . This skeletal disease most often appears acutely in the form of a fracture at high age, but the origin can be found at much younger age, with two major factors determining the increased fracture risk: achieved peak bone mass and loss of bone [4, 5] . Peak bone mass is almost entirely achieved in the first two decades of life, and the amount is determined by heredity, calcium, and vitamin D intake through nutrition, hormones, physical activity, and other lifestyle factors [6] [7] [8] [9] [10] [11] [12] . Recent studies have investigated other early determinants of osteoporosis, of which birth weight is one. At this stage, several studies have shown associations between birth weight and adult bone mass [13] [14] [15] [16] [17] . It is uncertain whether that influence of birth weight is already visible in childhood. Several studies with varying sample sizes (from 64 to 6,876) have investigated birth weight and bone health in children between the ages of 6 and 10 years [18] [19] [20] [21] [22] [23] [24] . The study results are hard to compare and are not conclusive. Moreover, no literature is available for children at preschool age. Generally, no recent studies investigating the influence of birth weight on bone health in young Belgian children are available. To provide more in-depth knowledge on the relation between birth weight and bone health in young children, this study investigated a large sample of Belgian, healthy, preschool and primary school children. To determine the bone strength in these children, we used quantitative ultrasound (QUS), a radiationfree tool [25] . The QUS parameters speed of sound (SOS) and broadband ultrasound attenuation (BUA) are related to trabecular bone, the most metabolically active bone tissue, with a higher variation rate compared to cortical bone tissue. QUS can be measured at different sites, of which the calcaneus is the most popular since it consists almost entirely of trabecular bone [25, 26] . So far, the number of studies using QUS to investigate the relationship between birth weight and bone strength in pre-and primary school children is limited [24] .
Therefore, the purpose of this research was to further investigate the influence of birth weight as an independent variable on bone strength assessed by calcaneal bone stiffness in a large sample of healthy children at prepubertal age.
Materials and Methods

Subjects
The subjects were participants of the Belgian cohort of the EU Sixth Framework Programme IDEFICS study (Identification and Prevention of Dietary-and Lifestyle-Induced Health Effects in Children and Infants, www.idefics.eu). The IDEFICS study is a unique longitudinal and multicenter study investigating factors that influence the health, growth, and development of European children, with emphasis on obesity and its comorbid conditions. The study was conducted in eight European countries and included two measurement periods: a baseline survey in 2007-2008 and a follow-up survey in 2009-2010. In this article, only data on the Belgian IDEFICS participants were used and the bone parameters were collected in 2009-2010. The participating Belgian children were residents from two regions in the northern Dutch-speaking part of Belgium: the city of Aalter (51°05 0 N, March-June 2010) and the city of Geraardsbergen (50°46 0 N, October 2009-February 2010). At baseline, one intervention and one control region, which were comparable with regard to their infrastructural, sociodemographic, and socioeconomic characteristics, were selected. Children were approached through school and kindergarten settings in both selected regions, which facilitated enrollment [27] [28] [29] [30] . For the purpose of this analysis, data on 827 children aged 3-11 years (427 boys and 400 girls, mean age 7.7 ± 1.5 years) were available (227 from Geraardsbergen and 600 from Aalter), on which QUS measurements were performed, and data on birth weight were available. Twins or triplets were excluded since multiple birth influences birth weight. The study was conducted according to the guidelines laid down in the Helsinki Declaration of the World Medical Association. The project protocol was approved by the Ethical Committee of the Ghent University Hospital. Written informed consent was obtained from all parents of the participating children.
Measurements
Questionnaire A self-administered parental questionnaire was used to obtain information on the following variables: sex of the child, birth date, birth length, and birth weight. The age of the child at time of examination was calculated using date of birth and date of examination.
Quantitative Ultrasound
QUS measurements were performed with a Lunar Achilles Insight (GE Healthcare, Milwaukee, WI). This portable device measures bone stiffness using ultrasound waves. The first outcome parameter, BUA, reflects the absorption of sound waves and is expressed as decibels per megahertz (n = 596). The second parameter, SOS, expresses the stiffness of a material by the ratio of the traversed distance to the transit time, in meters per second (n = 600). The more complex the bone structure, the more sound waves will be absorbed. Stiffness index (SI) is a third, derived parameter (n = 827). SI is calculated by a linear combination of BUA and SOS: SI = (0.67 9 BUA) ? (0.28 9 SOS) -420 [31, 32] . The real-time image of the calcaneus and the region of interest ensures that the measurement is precise and was set to 18 mm diameter. During the entire study period one instrument was used, and daily calibration was done. Measurements were made according to the standard procedure provided by the manufacturer. The use of an adapter for the children's feet ensured the proper position of the calcaneus. The main heel bones (os calcis) of both feet were measured once, and the mean of the two measurements was calculated and used in the statistical analyses. The overall QUS measurement required about 10 minutes per child. When the child moved too much during the measurement, no result was given by the device and the measurement had to be redone.
Anthropometric Measurements and Body Composition
Anthropometric measurements were performed by two trained researchers. Height was measured with a standard clinical Seca 224 stadiometer (Seca, Hamburg, Germany) to the nearest 0.1 cm. Weight was determined with a standard balance (BC 420 SMA; Tanita, Amsterdam, The Netherlands) to the nearest 0.1 kg, without shoes and in light clothing. The two measurement instruments did not need further calibration or maintenance except for daily verification of the degree of horizontality. The Tanita balance (adapted to the small foot size of children) also measured leg-to-leg impedance (ohm). The Tyrrell formula was used to calculate the fat-free mass (FFM, in kilograms) based on this impedance value [33] . To take weight into account, %FFM was computed using the formula %FFM = (FFM/weight) 9 100.
Body mass index (BMI) was computed according to the following formula: BMI = weight (kg)/height 2 (m 2 ) [34] . The z scores of each child's weight, height, and BMI were determined using the LMS method (with British reference population), which summarizes the distribution of these variables at each age by its median and coefficient of variation, plus a measure of skewness based on the BoxCox power required to transform the data to normality [35] . Waist and hip circumferences were measured using a Seca 200 inelastic tape (precision 0.1 cm, range 0-150 cm), which did not need any calibration. The ratio of waist/hip circumference was calculated and used in the analyses. A skinfold caliper (Holtain, Crosswell, UK; range 0-40 mm) was used to measure skinfold thickness at the previously marked points. The calipers were calibrated every morning and additionally when dropped by means of a calibration block of 20 mm. Skinfold measurements were obtained at two sites (triceps and subscapular) according to the international standards for anthropometric assessment [36] . Skinfold thickness was measured twice at each site, and the mean of the two measurements was calculated. If measurements differed more than 2 mm, a third measurement was performed and the mean was calculated between the two closer values differing less than 2 mm. Additionally, the sum of the two skinfold thicknesses was computed and used as an indicator of the fat distribution in the upper limbs.
Statistical Analysis
After logarithmic transformation of tricipital skinfold thickness, subscapular skinfold thickness, the sum of the two, and the waist/hip ratio, all residuals showed a satisfactory pattern (normal distribution). Descriptive data by sex were examined with independent samples t tests (for normally distributed variables) and Mann-Whitney U-tests (for non-normally distributed variables). Since there was no difference observed in bone variables between sexes (p [ 0.05), boys and girls were analyzed together. Pearson correlation coefficients were performed to define potential confounders in the association bone-birth weight. Stepwise multiple regression analysis was used to find the best models predicting the dependent variables BUA, SOS, and SI. Birth weight was included as an independent variable, and sex and age were included as confounders in all analyses since sex had an influence on birth weight and age, on anthropometric variables. Different variables were included as covariates in multiple models, separate for BUA, SOS, and SI. All statistical measurements were obtained using the PASW Statistics Program, version 20.0.0 (SPSS, Inc., Chicago, IL); and statistical results with p \ 0.05 were considered statistically significant.
Results
Subject Characteristics
Information on early life factors, body composition, and current characteristics is summarized in Table 1 . The mean birth weight, birth length, and mean %FFM were slightly higher in boys compared to girls (p \ 0.001). Tricipital, subscapular, and the sum of both skinfold thicknesses were higher in girls compared to boys (p \ 0.001). No sex differences in bone parameters were found.
Correlation Coefficients
Correlation analyses between birth weight and bone measurements are presented in Fig. 1 . Significant correlations were found between birth weight and SOS (r = -0.16, p \ 0.001) as well as between birth weight and BUA (r = 0.13, p = 0.002). No association was observed between birth weight and SI. Table 2 shows the correlation coefficients between the calcaneal bone parameters (BUA, SOS, and SI), age, and anthropometric variables. BUA and SOS were significantly associated with age and all the anthropometric variables (all p \ 0.05), except for the association between SOS and %FFM (p = 0.316). SI was significantly correlated with height, weight, FFM, and %FFM (all p \ 0.05). Generally, the skinfolds and BMI z score had a weak association with the bone parameters, in contrast to the variables height, weight, and waist z score. FFM was strongly associated with BUA, SOS, and SI (all p \ 0.001); but that association weakened when using the %FFM. The anthropometric variables height, weight, and FFM were further analyzed in stepwise multiple regression analysis due to high correlation coefficients. The variables birth length, BMI z score, waist z score, waist/hip ratio, and skinfold thickness were not retained because of low correlation coefficients.
Stepwise Multiple Regression
Multiple regression analyses were performed to explore independent variables (including birth weight) influencing BUA, SOS, and the calculated parameter SI. Table 3 shows the association between calcaneal BUA and birth weight. Model A shows raw data, model B = model A ? sex and age (confounders), model C = model B ? weight z score, model D = model C ? %FFM, and model E = model C ? height z score. Height z score and %FFM could not be together in the model due to multicollinearity, a high correlation between both covariates. Birth weight retained a positive association with BUA after controlling for age and sex (model B) but showed no significant associations after controlling for anthropometric variables (models C, D, and E). Sex was not associated with BUA in any model. Age influenced BUA in four models except in model C, where weight z score was added. Finally, weight z score, %FFM, and height z score were significantly associated with BUA. The adjusted R 2 was low for model A (R 2 = 0.015) but higher after controlling in the other models. Table 4 shows the association between calcaneal SOS and birth weight. Model A shows raw data, model B = model A ? sex and age (confounders), model C = model B ? weight z score, and model D = model C ? height z score. Birth weight retained a negative association with SOS, also after controlling for age and sex (model B), but showed no significant associations after adjusting for weight z score (model C) and height z score (model D). Age, weight z score, and height z score were independently associated with SOS. As was the case for calcaneal BUA, sex had no influence on calcaneal SOS. The unadjusted model A explained less of the variation in SOS than the adjusted models. Table 5 shows the association between calcaneal SI and birth weight. Model A shows raw data, model B = model A ? sex and age (confounders), and model C = model B ? %FFM. In line with the insignificant univariate correlation between birth weight and SI, birth weight did not predict SI in any of the regression models. Age was the only predictor of SI (p \ 0.001). The variable %FFM did not show significant associations with SI. The adjusted R 2 was very low in all models.
Discussion
This study investigated the relationship between birth weight and bone strength, assessed as calcaneal BUA, SOS, and SI measured by QUS, in 827 healthy children, aged 3-11 years. The main findings were that birth weight was significantly positively correlated with BUA and significantly negatively correlated with SOS even after correction for age and sex in multiple regression analyses. When adjusting for other covariates such as weight and height, the association with birth weight did not persist. No significant correlation was found between birth weight and SI. Sex had no influence on bone strength, and age was positively related with BUA and SI and negatively related with SOS. Inconsistent results exist on the effect of birth weight on bone strength in preadolescent populations. Both Liao et al. [37] and Micklesfield et al. [24] investigated the influence of birth weight on bone properties using QUS measurements at the tibia and calcaneus, respectively. Liao et al. [37] concluded that birth weight had a positive influence on bone strength at the age of 3 months in 542 Chinese children, while no significant correlations were found between birth weight and BUA and SOS in 109 South African children between the ages of 7 and 9 years [24] . The first study is not comparable with our study sample due to differences in nationality and age of the population. The second study examined the same bone site as in our study, but the mixed ancestral origin, smaller sample size, or use of the nondominant calcaneus could possibly explain the lack of evidence supporting this association [24] .
Four studies investigated the influence of birth weight, with correlation analyses, on bone properties using totalbody dual-energy X-ray absorptiometry (DXA) measurements [18] [19] [20] [21] . Ganpule et al. [18] assessed total-body bone mass density (BMD) in 698 Indian children aged 6 years and concluded that birth weight was positively correlated with increased total-body BMD. Macdonald-Wallis et al. [20] assessed different bone properties at the spine and total body in 6,877 9-year-old children and found similar positive correlations with birth weight. Micklesfield et al. [21] examined 64 children between 7 and 9 years old with DXA and did not find any positive correlations with birth weight, though the dissimilarity in sample size and method of measurement could explain the different results. Finally, Jones and Dwyer [19] investigated BMD of the lumbar spine and femoral neck in 330 Australian children at the age of 8 and concluded that birth weight has an influence on femoral neck BMD but not on lumbar spine BMD.
In summary, six studies examined correlations between birth weight and different bone parameters in prepubertal children, without taking potential confounders into account. Half of the studies drew similar conclusions as we did. The other half did not find any relationship between birth weight and bone health which could be explained by differences in study population and design.
Only four studies investigating the relation between birth weight and bone health in preadolescent children considered also the role of potential covariates [19, 22, 23, 38] . In these studies, bone properties were measured using DXA: at the lumbar spine and femoral neck by Jones and Dwyer [19] ; the total body by Steer and Tobias [22] ; the lumbar spine, femoral neck, and total body by Vidulich et al. [23] ; and total body and lumbar spine by Ay et al. [38] . Ay et al. [38] examined 252 Dutch children at the age of 6 months and found an influence of birth weight on BMD and bone mineral content (BMC) after correcting for sex, gestational age, and current age. Unlike our study, Ay et al. [38] did not add other potential covariates such as anthropometric variables in the regression model. Steer and Tobias [22] found similar results in 109 9-year-old children when only correcting for sex, age, and gestational age. However, after additionally correcting for parental weight and height in a second model and the child's weight and height in a third model, this association decreased but was still significant with the exception of BMC and bone area in the third model. Similar effects were found in 330 Australian 8-year-old children: a relationship between birth weight and BMD when correcting for sex and growth variables and even when additionally correcting for breastfeeding, maternal smoking during pregnancy, calcium intake, sunlight exposure, and sports participation [19] . However, the association disappeared after additionally correcting for maternal BMD. Also, in 476 10-year-old (log) log-transformed variable * p \ 0.050, ** p \ 0.010, *** p B 0.001 Table 3 Results of stepwise multiple regression analyses using calcaneal BUA (n = 596) as a dependent variable and various other variables as independent variables South African children with mixed ancestral origin no association between birth weight and bone health was found after adjusting for bone age, sex, race, socioeconomic status, current height, and weight [23] . Taken together, our research-having the advantage that radiation-free QUS was used-gave similar results as literature using bone health parameters assessed by DXA: an association between birth weight and bone health parameters after correcting for age and sex but less or no association after correcting for additional confounders. Analyzing the relationship between birth weight and adult bone mass, an important difference should be indicated. In adults, birth weight is more associated with BMC compared to BMD [13, 16] . Baird et al. [13] put forward that the absence of an association with areal or volumetric BMD could suggest that this highly conserved aspect of bone structure is largely determined by other postnatal factors (e.g., pubertal timing and physical activity in childhood) or by fixed genetic variation.
Strengths and Limitations of the Study
The strength of this study is the availability of a large representative population-based sample of both boys and girls from Belgium of preschool and primary school age. Compared to other studies investigating birth weight and bone health in childhood, this cohort has a large sample from a previously unexplored age group (3-11 years). Data on early life factors, QUS measurements, and a large battery of anthropometric measurements were complete for all 827 children. Consequently, the analyses could be corrected for potential confounders (age, sex, and anthropometric variables). To ensure quality, trained researchers performed the QUS and anthropometric measurements. For the QUS measurement both feet (os calcis) were measured, which has the advantage of showing bone metabolic changes first since it consists of 90 % trabecular bone and has a high turnover rate [39] . The average of the parameters measured at the left foot and at the right foot was calculated. In the literature, different approaches can be found: some measure the right foot [40] , the left foot [41, 42] , twice the dominant leg [43] , or both but choose the left foot when there is no difference in results [44] . Taking two feet into account could increase the accuracy. Nevertheless, this study has some drawbacks as well. The first is the absence of an exact gestational age per child as this could be an important potential confounder [18, 20, 37, 38] . A second limitation is the difference between the number of primary school children (n = 685) and preschool children (n = 142). Therefore, analyses were not divided by age groups, but age was added as a confounder in all analyses. Thirdly, birth weight was obtained through a parental questionnaire and not by direct measurements or an existing register. Finally, a few remarks on the bone measurements with the QUS method. First, with this method inaccurate measurements can occur due to difficult positioning and immobilization of the small feet in children. Therefore, trained and only a limited number of researchers were used to obtain the QUS data. Second, the original BUA and SOS values measured by QUS were not available for all participants in BUA (n = 596) and SOS (n = 600) compared to SI (n = 827), due to different registration settings of the measuring device. Finally, QUS is a practical device but is not yet accepted as a standard measurement method in children [45] . Nevertheless, using radiation-free QUS could increase the participation ratio in a child population, which is necessary in this kind of research.
Conclusion
The present findings support the hypothesis that birth weight, a proxy indicator of genetic intrauterine environmental factors, may have a long-term impact on bone health and may be associated with the risk of osteoporosis much later in life. As a result, this study points toward the importance of a normal birth weight even in healthy children (including preschool children). Public health strategies should insist also on the importance of a normal birth weight as a basis for prevention of chronic diseases later in life. Guaranteeing optimal birth weight helps in attaining maximal peak bone mass and could even prevent osteoporosis later in life. Further research could investigate whether the findings of this study are consistent in large study samples when using the QUS method as well.
